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ABSTRACT
Toward the expansion of the genetic alphabet, we
present an unnatural base pair system for efficient
PCR amplification, enabling the site-specific incor-
poration of extra functional components into DNA.
This system can be applied to conventional PCR
protocols employing DNA templates containing
unnatural bases, natural and unnatural base tripho-
sphates, and a 3’!5’ exonuclease-proficient DNA
polymerase. For highly faithful and efficient PCR
amplification involving the unnatural base pairing,
we identified the natural-base sequences surround-
ing the unnatural bases in DNA templates by an
in vitro selection technique, using a DNA library con-
taining the unnatural base. The system facilitates
the site-specific incorporation of a variety of modi-
fied unnatural bases, linked with functional groups
of interest, into amplified DNA. DNA fragments
(0.15amol) containing the unnatural base pair can
be amplified 10
7-fold by 30 cycles of PCR, with
<1% total mutation rate of the unnatural base pair
site. Using the system, we demonstrated efficient
PCR amplification and functionalization of DNA frag-
ments for the extremely sensitive detection of zepto-
mol-scale target DNA molecules from mixtures with
excessamounts(pmolscale)offoreignDNAspecies.
This unnatural base pair system will be applicable
to a wide range of DNA/RNA-based technologies.
INTRODUCTION
The creation of an unnatural base pair, compatible
with the natural A–T and G–C base pairs, could expand
the genetic alphabet of DNA, thus allowing the present
recombinant-based biotechnology to progress to future
technologies enabling the site-speciﬁc incorporation of
extra, functional components into nucleic acids and pro-
teins (1–6). The two additional letters of the third base
pair could greatly augment the information capacity
and variety of DNA base sequences (7,8). In addition,
an increased genetic alphabet could confer new functions
to nucleic acids. By joining functional groups to unnatural
bases, a great variety of extra components could be site-
speciﬁcally incorporated into nucleic acids, by replication
and transcription mediated by unnatural base pairing
(6,7,9–12). To adapt this genetic expansion system to
modern biotechnology, faithful complementarity of the
unnatural base pairing is critical in polymerase reactions,
especially in PCR ampliﬁcation (13–16).
One precedent unnatural base pair employing nonstan-
dard hydrogen-bonding topology is that between iso-
guanine (iG) and isocytosine (iC), which exhibited
 98% ﬁdelity-per-cycle in PCR (17). This system requires
2-thiothymidine triphosphate, instead of the natural thy-
midine triphosphate, to improve the cognate base pair-
ing selectivity. 2-Thiothymidines are, however, inserted
into DNA in place of all of the natural T bases.
Another unnatural base pair, between 2-amino-
imidazo[1,2-a]-1,3,5-triazin-4(8H)-one (P) and 6-amino-
5-nitro-2(1H)-pyridone (Z), is also ampliﬁed by PCR,
without using 2-thiothymidine triphosphate, with 97.5%
ﬁdelity-per-cycle (18).
We have recently developed hydrophobic, unnatural
base pairs between 7-(2-thienyl)-imidazo[4,5-b]pyridine
(Ds) and pyrrole-2-carbaldehyde (Pa) (12) and between
Ds and 2-nitropyrrole (Pn) (19), which have speciﬁc
shape complementation that diﬀers from those of the
A–T and G–C pairs. These unnatural base pairs exhibited
high ﬁdelity-per-cycle (>99%) in PCR, with the help of
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and in combination with the usual triphosphates and
modiﬁed triphosphates, g-amidotriphosphates. The
g-amidotriphosphates of Ds and A increase the selectivity
of the cognate pairings in replication, by preventing the
noncognate pairings of Ds–Ds and A–Pa, respectively.
However, the use of the g-amidotriphosphates decreases
the PCR ampliﬁcation eﬃciency and restricts the range
of in vivo applications. Thus, the further development
of unnatural base pair systems that bypass the need for
the g-amidotriphosphates, but maintain high ﬁdelity
(>99.9%), in PCR could pave the way to broader practi-
cal applications.
Here, we present an eﬃcient PCR ampliﬁcation system
using an unnatural, hydrophobic base pair, based on
that between Ds and 2-nitro-4-propynylpyrrole (Px)
(Figure 1), with a set of speciﬁc sequences around the
Ds–Px pair in DNA templates. The system no longer
requires g-amidotriphosphates, and moreover, it provides
the eﬃcient, multiple site-speciﬁc incorporation of modi-
ﬁed Px bases, which were linked with functional groups
at the 4-propynyl position, into the ampliﬁed DNA.
These eﬃcient surrounding sequences were identiﬁed
by an in vitro selection method, using a DNA library
of random sequences containing the unnatural bases.
This system provides highly selective and eﬃcient
ampliﬁcation and functionalization PCR: DNA fragments
(0.15 amol) containing the Ds–Px pair were ampliﬁed 10
7-
fold by 30 cycles of PCR with >99.9% ﬁdelity-per-cycle.
MATERIALS AND METHODS
Chemical synthesis ofnucleotides, single-nucleotide
insertion experiments andDNA sequencesfor experiments
Materials, experimental procedures and data for chemical
synthesis of the unnatural base triphosphates and DNA
fragments, single-nucleotide insertion experiments and
DNA sequences are available in the Supplementary
Material.
In vitro selection ofDNA sequencesfor efficient PCR
amplification
In vitro selection was performed using a 55-mer single-
stranded DNA library containing randomized NNN
DsNNN sequences. In the initial round of PCR, 2pmol
of the library were used as a template for PCR (200ml
scale), and thus, all possible sequences (4
6=4096) could
be present in the initial library. PCR was carried out in a
reaction buﬀer (20mM Tris–HCl pH 8.8, 10mM KCl,
10mM (NH4)2SO4, 2mM MgSO4 and 0.1% Triton
X-100) with 2.5mM FAM-hx-dPxTP, 50mMd DsTP,
0.3mM each natural dNTP (N = A, G, C and T), 1mM
each of a 50-primer (20-mer, 50-GATAATACGACTCAC
TATAG-30) and a 30-primer (24-mer, 50-TTTCACACAG
GAAACAGCTATGAC-30) and 0.04U/ml DeepVent
DNA polymerase (NEB). The PCR cycle was as follows:
948C, 0.5min; 458C, 0.5min; 658C, 4min. After 10 cycles
of PCR, the full-length ampliﬁed products were puriﬁed
by gel electrophoresis (10% polyacrylamide—7M
Figure 1. Structures of the unnatural Ds–Px and natural A–T and G–C pairs. R=aminohexanamide (for NH2-hx-Px) or (ﬂuorescein-5-carbox-
amido)hexanamide group (for FAM-hx-Px). Space ﬁlling models of the base alone (with methyl in place of deoxyribose and R=H in the Px base)
are shown, with electrostatic potentials mapped on van der Waals surfaces (PM3 calculations, Spartan ‘06, Wavefunction Inc.).
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at 260nm.
For the isolation of DNA fragments containing FAM-
hx-Px,  20 pmol of the ampliﬁed DNA fragments
were mixed with an anti-ﬂuorescein IgG solution (20ml)
(Invitrogen, A-889) and incubated for 1h on ice in a
phosphate-buﬀered saline (100ml). Then, the IgG-bound
DNA fragments were recovered by ﬁltration, using a
Microcon YM-100 ﬁlter (Millipore). After phenol extrac-
tion and ethanol precipitation,  1 pmol of the recovered
DNA was used as a template for the next round of PCR
(200ml).
After ﬁve rounds of in vitro selection, about 1 pmol of
the recovered DNA was ampliﬁed by eight cycles of PCR
(25ml), in a reaction buﬀer with 50mMN H 2-hx-dPxTP,
50mMd DsTP, 0.3mM each natural dNTP, 1mM each of
50-primer (40-mer, 50-CGTTGTAAAACGACGGCCAG
GATAATACGACTCACTATAG-30) and 30-primer (24-
mer, 50-TTTCACACAGGAAACAGCTATGAC-30) and
0.02U/ml DeepVent DNA polymerase, and then the
PCR products were puriﬁed by electrophoresis on 8%
polyacrylamide—7M urea gel for direct sequencing. For
comparison, the original library (55-mer, 1 pmol) was also
similarly ampliﬁed and puriﬁed. In the conventional clon-
ing method, the recovered DNA fragments were ampliﬁed
by eight cycles of PCR using Premix Taq (Ex Taq version;
TaKaRa), without the unnatural base substrates, and
were cloned using the TA cloning vector of the TOPO
TA Cloning Kit Dual Promoter (Invitrogen). Plasmid
DNAs were isolated and were sequenced using a BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) on a DNA sequencer (model 3100, Applied
Biosystems). Selected sequences of each clone are shown
in Supplementary Figure 1.
Analysis ofPCR amplification products
PCR was performed in a reaction buﬀer (20mM Tris–HCl
pH 8.8, 10mM KCl, 10mM (NH4)2SO4, 2mM MgSO4
and 0.1% Triton X-100) with 2.5mM FAM-hx-dPxTP
or 50mMN H 2-hx-dPxTP, 50mMd DsTP, 0.3mM each
natural dNTP, 1mMo f
32P-labeled (or nonlabeled)
50-primer (40-mer), 1mM of nonlabeled 30-primer (24-
mer), 0.6nM–0.6fM single-stranded DNA template and
DeepVent DNA Pol (0.02 U/ml). The PCR cycle was
as follows: 948C, 0.5min; 458C, 0.5min; 658C, 4min.
The ampliﬁed products were analyzed by denaturing
15% PAGE, and the radioactivity and ﬂuorescence inten-
sity of the DNA fragments on the gel were quantiﬁed
by a bio-imaging analyzer, FLA-7000 (FUJIFILM). For
the detection of nonlabeled PCR products, the DNA
fragments on the gel were stained with SYBR Green II.
For the sequencing analysis, the PCR products were
puriﬁed by denaturing 8–15% PAGE, unless otherwise
noted.
DNA sequencing
The cycle sequencing reaction (20ml) was performed with
the Cycle Sequencing Mix (8ml) from the BigDye
Terminator v1.1 Cycle Sequencing Kit (Applied
Biosystems), containing  0.3 pmol of the template and
4 pmol of the sequencing primer (20-mer), in the presence
of 40pmol or 1 nmol of 4-propynyl-1-(b-D-ribofurano-
syl)pyrrole-2-carbaldehyde 50-triphosphate (dPa’TP)
(40 pmol for DNA fragments containing one Ds base
and 1 nmol for DNAs with two Ds bases) or 1 nmol of
ddPa’TP. After 25 cycles of PCR (968C, 10s; 508C, 5s;
608C, 4min), the residual dye terminators were removed
from the reaction with CENTRI-SEP columns (Princeton
Separations), and the solutions were dried. The residues
were resuspended in a formamide solution (4ml) and were
fractionated on the ABI 377 DNA sequencer, using a 7%
polyacrylamide-6M urea gel. The sequence data were ana-
lyzed with the Applied Biosystems PRISM sequencing
analysis v3.2 software.
PCR amplification withforeign DNA fragments and
isolationof FAM-labeled targetDNA fragments
PCR ampliﬁcation, as described above, was performed
using two types of DNA fragments as templates: one is
a 55-mer DNA mixture (0.15 nM each, DNA S2, Cont2,
Cont3 and Cont4) and the other is the mixture of DNA S2
(6 fM) and random 100-nt sequences consisting of only the
natural bases (60 nM). A 20ml portion of the PCR solu-
tion was ﬁltered with a Microcon YM-30 ﬁlter (Millipore),
using wash/binding buﬀer (20mM Tris–HCl pH 7.6,
0.5M NaCl, 10mM MgCl2), to remove the excess unin-
corporated dNTPs. The ﬁltrate was mixed with 40–80mg
of Streptavidin magnetic beads (NEB) bound with anti-
ﬂuorescein IgG (5–10mg), and the mixture was incubated
for 0.5–1h on ice ( 30ml volume). After washing the
beads twice with 100ml of the wash/binding buﬀer, the
bound DNA fragments were eluted by adding 20mlo f
0.1mM EDTA (pH 8.0) and heating at 758C for 30s.
For the sequencing analysis, a 5–10ml aliquot of the
eluted solution was used as the template.
RESULTS
Development of theunnatural base pair system
The Px base was designed as a pairing partner of Ds
(Figure 1), by adopting the concepts of hydrophobicity
and speciﬁc shape and electrostatic complementarity.
The nitro group of Px excludes the noncognate A–Px
pairing by electrostatic repulsion between the 1-nitrogen
of A and the nitro group of Px (19). In addition, the
propynyl group (20) of Px increases its  -electronic hydro-
phobicity to improve its incorporation eﬃciency into
DNA opposite Ds in templates. The hydrophobicity of
the base moiety of the incoming triphosphates enhances
their interactions with the hydrophobic protein side chains
of DNA Pol and with the 30-end base of primer strands
(21–23).
We chemically synthesized two modiﬁed Px
triphosphates, which were functionalized with an amino-
hexanamide group (NH2-hx-dPxTP) or a (ﬂuorescein-5-
carboxamido)hexanamide group (FAM-hx-dPxTP)
linked to the 4-propynyl position of Px (Figure 1 and
Supplementary Methods). Fluorescence excitation and
emission maxima of FAM-hx-dPxTP are 496nm and
522nm (quantum yield: 32%), respectively. The high
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ported by kinetic studies (24,25) of the cognate and non-
cognate pairings, using NH2-hx-dPxTP and templates
containing Ds with the exonuclease-deﬁcient Klenow
fragment of Escherichia coli DNA Pol I (Supplemen-
tary Table 1). We expected to bypass the use of the
g-amidotriphosphate of Ds for preventing the Ds–Ds pair-
ing, by the help of the 30!50 exonuclease activity of the
polymerases (12).
Invitro selection of DNAs that areefficiently amplified in
theunnatural base pair system
To attain further eﬃciency and selectivity of the Ds–Px
pairing in PCR, we scrutinized the dependency on the
natural base sequences surrounding the Ds–Px pair in
DNA templates. Through our studies, we noticed that
the natural-base sequences around unnatural bases in tem-
plates aﬀect the replication eﬃciency. Thus, we performed
an in vitro selection (26,27) using a DNA library (55-mer)
containing a random natural-base sequence with Ds,
NNNDsNNN (where N is A, G, C or T) (Supplementary
Table 2), to comprehensively determine which sequences
facilitate eﬃcient PCR involving the Ds–Px pair
(Figure 2a). The library was ampliﬁed by the 30!50
exonuclease-proﬁcient Deep Vent DNA Pol with the
unnatural base substrates, dDsTP and FAM-hx-dPxTP,
besides the natural dNTPs. After 10 cycles of PCR, the
ampliﬁed products containing FAM-hx-Px were isolated
by using anti-ﬂuorescein IgG. This PCR-isolation proce-
dure was repeated, and after ﬁve rounds of selection, the
Ds-containing strands of the library were directly
sequenced by a previously established method, involving
dideoxynucleotide chain-termination supplemented with
an unnatural base triphosphate (dPa’TP), which is
another pairing partner of Ds for DNA sequencing
(12,19). The sequence bias of the random region
(Figure 2b) was observed in the direct sequencing pattern
of the library after the ﬁve-round selection, as compared
with that of the original library (Figure 2c). In the sequen-
cing, the unnatural base position is indicated as a gap; the
peak that corresponds to the unnatural base position dis-
appeared, because of the absence of the unnatural base
dye terminator (12,19).
Each sequence in the selected library was determined by
a conventional cloning method. The library after the ﬁve-
round selection was further ampliﬁed by Taq Pol without
the unnatural base substrates, to forcibly replace the
unnatural bases in the library with the natural bases for
the following cloning procedures. We then isolated 66
clones and obtained their sequences (Figure 2d and
Supplementary Figure 1). The sequence pattern tendency
was quite similar to that obtained by the direct sequencing
(Figure 2b).
PCR amplification involving theDs–Px pair
We chemically synthesized Ds-containing fragments of
eight isolated sequences (DNA S1–S8) among the clones,
as well as other designed sequences (DNA N9–N12)
(Supplementary Tables 2 and 3) that were not obtained
by the selection, and examined their ampliﬁcation
eﬃciency using FAM-hx-dPxTP or NH2-hx-dPxTP with
a
32P-labeled 50-primer (Figure 3 and Supplementary
Table 3). The ampliﬁed DNA fragments were analyzed
Figure 2. Overview of in vitro selection using a Ds-containing DNA
library. (a) Scheme for in vitro selection using the Ds-containing
DNA library, by FAM-hx-Px incorporation into PCR products and
isolation with an anti-ﬂuorescein antibody. A chemically synthesized,
single-stranded DNA library containing an NNNDsNNN sequence
(55-mer) was ampliﬁed by 10 cycles of PCR, in the presence of natural
dNTPs, dDsTP and FAM-hx-dPxTP, with DeepVent DNA Pol. After
selection of the PCR products containing FAM-hx-Px by binding with
an anti-ﬂuorescein antibody, the isolated DNA fragments were used
as a template for the next round of PCR ampliﬁcation and selection.
For direct sequencing of the library after ﬁve rounds of selection, the
isolated DNA fragments were ampliﬁed in the presence of NH2-hx-
dPxTP, instead of FAM-hx-dPxTP (Figure 3a), by eight cycles of
PCR. Direct sequencing was performed in the presence of 2mM
dPa’TP, using a BigDye terminator v1.1 Cycle Sequencing kit. For
the sequencing of clones after ﬁve rounds of selection, the library
was ampliﬁed in the presence of only the natural dNTPs with Taq
DNA polymerase, and the PCR products were used for TOPO TA
cloning. (b) Sequencing of the DNA library after ﬁve rounds of selec-
tion. (c) Sequencing of the initial library. The arrow indicates the unna-
tural base position. (d) Probability (%) of occurrence at each
position of the selected 66-clone sequences (Supplementary Figure 1).
Bases with an occurrence rate of  35% among the clones are
colored red.
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32P radioactivity
on a gel. Small amounts (15 fmol for 15-cycle PCR and
0.15 amol for 30-cycle PCR) of the input DNA fragments
containing Ds (DNA S2, S4, S6 and S8) were eﬃciently
ampliﬁed and detected ﬂuorescently and radioactively
(Figure 3b, lines 1–4 and 10–12). A DNA fragment con-
taining a 30-TTACCTA-50 sequence without Ds (Cont),
ampliﬁed in the presence of FAM-hx-dPxTP, was
detected radioactively, but was very scarcely detected
ﬂuorescently (Figure 3b, lines 8 and 13). This indicates
that FAM-hx-dPxTP was selectively incorporated oppo-
site Ds in templates. The ampliﬁcation eﬃciency of DNA
N11, with the complementary sequence of DNA S4, was
signiﬁcantly decreased (Figure 3b, line 6), and DNA N10,
which has a point mutation at the 50-neighbor of Ds
in DNA S4, was ampliﬁed with much lower eﬃciency
Figure 3. PCR ampliﬁcation of DNA fragments (55-mer) containing one Ds base. (a) Scheme for PCR ampliﬁcation in the presence of FAM-hx-
dPxTP or NH2-hx-dPxTP with DeepVent DNA Pol. To detect DNA fragments containing FAM-hx-Px, the PCR products were analyzed by
denaturing PAGE. DNA fragments ampliﬁed with NH2-hx-dPxTP and dDsTP were used for sequencing of the Ds strands. (b) Polyacrylamide-gel
analysis of the DNA fragments ampliﬁed by 15 or 30 cycles of PCR with the
32P-labeled 50-primer, in the presence of FAM-hx-dPxTP and dDsTP.
The ﬂuorescence of the FAM-labeled full-length products on a gel was detected with a bio-imaging analyzer, FLA-7000, and the radioactivity of the
full-length products on the same gel was analyzed by autoradiography. The fold ampliﬁcation of each DNA fragment is summarized in Table S3.
(c) Sequencing of the 40-cycle ampliﬁed DNA fragments, in the presence of dPa’TP (2mM) or ddPa’TP (50mM). The arrows indicate the unnatural
base position.
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results suggested that the sequences obtained by in vitro
selection exhibited high ampliﬁcation eﬃciency and selec-
tivity for the Ds–Px pairing.
The high selectivity of the Ds–Px pairing in PCR was
also veriﬁed by sequencing of the ampliﬁed DNA. Even
with only 15 zeptomol of the input DNA, the ampliﬁed
DNAs were detected by 40 cycles of PCR using NH2-
hx-dPxTP and dDsTP, in which the Ds–Px pair was con-
served (Figure 3c). We performed two type dideoxy
sequencing reactions, in the presence of either dPa’TP
or dideoxy-Pa’TP (ddPa’TP). In the sequencing with
dPa’TP, the Ds position in the templates was detected as
a gap on the sequencing peak patterns. In the sequencing
with ddPa’TP but without dPa’TP, the sequencing reac-
tion terminated at the Ds position in the templates by the
ddPa’TP incorporation opposite Ds, and the subsequent
peaks disappeared on the sequencing peak patterns
(Figure 3c). If the Ds–Px pair was replaced with the nat-
ural base pairs to some degree, then the subsequent peak
heights following the Ds position would be increased sig-
niﬁcantly above background, depending on the degree of
the mutation in PCR, in the sequencing with ddPa’TP. In
fact, the sequencing patterns of the ampliﬁed DNAs after
40-cycles of PCR were nearly identical to those of the
original DNA, indicating the faithful Ds–Px pairing in
the PCR ampliﬁcation. The replacement rates from the
unnatural to the natural base pairs at the Ds–Px sites
were <1% (>99.9% ﬁdelity-per-cycle), as determined by
comparison to the authentic sequencing patterns of con-
trol DNAs (12,19).
The ampliﬁcation eﬃciency of each sequence was
assessed quantitatively by the radioactivity of each ampli-
ﬁed product (Figure 3b and Supplementary Table 3). The
Ds–Px pair system exhibited high ampliﬁcation eﬃciency,
even with FAM-hx-dPxTP: 15 fmol of DNA S1–S8 were
300-fold ampliﬁed by 15 cycles of PCR, and 0.15 amol of
DNA (DNA S2, S4 and S7) were 10
7-fold ampliﬁed by 30
cycles of PCR. These PCR ampliﬁcation eﬃciencies invol-
ving the Ds–Px pair were only 2-fold lower than that
involving only the natural base pairs (DNA Cont).
Besides these sequences, we found that a 50-CAC
PxGTA-30/30-GTGDsCAT-50 sequence (DNA N12) also
exhibited high eﬃciency and selectivity. Thus, the eﬃcient
sequences for PCR can be summarized as 50-CRM
PxGNR-30/30-GYKDsCNY-50 (where R=A or G,
M=A or C, N=A, G, C or T, Y=C or T and
K=G or T).
Using the eﬃcient sequences, we next performed PCR
with DNA templates containing two Ds bases, which were
separated by 4, 6, 9 or 12 natural bases (Figure 4a and
Supplementary Table 2). Each DNA template was ampli-
ﬁed by 15 cycles of PCR with dDsTP and FAM-hx-dPxTP
or with dDsTP and NH2-hx-dPxTP. The DNA templates
with at least six natural bases inserted between the two Ds
bases exhibited highly eﬃcient ampliﬁcation, and were
200- and 500-fold ampliﬁed by the incorporation of
FAM-hx-Px (Figure 4b) and NH2-hx-Px (Figure 4c),
respectively. DNA Cont, which lacks Ds bases, was 670-
fold ampliﬁed in the presence of FAM-hx-dPxTP and
dDsTP, but the FAM-hx-Px incorporation was hardly
observed in the ampliﬁed DNA (Figure 4b, right-side
line). The sequences of the ampliﬁed DNAs were con-
ﬁrmed by sequencing in the presence of dPa’TP
(Figure 4d).
PCR amplification in thepresence of DNA fragments
containing onlynatural nucleotides
The site-speciﬁc incorporation of modiﬁed Px bases into
DNA by PCR would be a powerful tool for DNA-based
biotechnology. We developed a highly sensitive DNA
ampliﬁcation detection system, by reducing the back-
ground caused by contamination with foreign DNAs. In
this system, a target DNA containing Ds was ampliﬁed
with FAM-hx-dPxTP and dDsTP in the presence of
other foreign DNAs consisting of only the natural bases,
and then the ampliﬁed target DNA was isolated and
detected by using anti-ﬂuorescein IgG. To evaluate this
system, we examined two types of reactions. The ﬁrst
was DNA S2 mixed with an equivalent amount of three
DNA fragments with the same primer sequences as
DNA S2, but diﬀerent 11-base sequences without Ds
(Figure 5), and the second was DNA S2 mixed with a
10
7-fold excess amount of a DNA mixture composed of
random 100-nt sequences consisting of only the natural
bases (Figure 6).
In the ﬁrst case, the DNA mixtures were ampliﬁed
by 15 cycles of PCR with dDsTP and FAM-hx-dPxTP
(Figure 5). The direct sequencing of the ampliﬁed products
yielded a random base pattern at the 11-base region
(Figure 5b) because of the foreign DNAs. Then, by
using anti-ﬂuorescein IgG bound to streptavidin-coated
magnetic beads, the target DNA containing the Ds–Px
pair was isolated. The sequencing of the ampliﬁed pro-
ducts after the isolation step revealed a clear pattern cor-
responding to that of DNA S2 (Figure 5c). In the second
case, the mixtures were ampliﬁed by 30 cycles of PCR with
dDsTP and FAM-hx-dPxTP (Figure 6). The ampliﬁed
DNAs containing the Ds–Px pair were isolated with
the IgG-streptavidin beads, and the DNA S2 sequence
was clearly identiﬁed by sequencing. Without the isola-
tion step, the ampliﬁed DNAs generated a randomized
sequence pattern, even after their gel puriﬁcation. Thus,
the functionalization PCR by FAM-hx-Px incorporation
into DNA is useful for detecting ampliﬁed target DNA
with high signal-to-noise ratios, by reducing the back-
ground and the false positives.
DISCUSSION
Here, we have described an eﬃcient, unnatural base pair
system, suitable for practical use towards the expansion
of the genetic alphabet. The hydrophobic Ds–Px pair can
function in PCR with a 30!50 exonuclease-proﬁcient
DNA Pol. Increasing the hydrophobicity and adjusting
the shape and electrostatic complementarity of the unna-
tural bases achieved high ﬁdelity of the cognate pairings,
thus bypassing the need for any modiﬁed triphosphates in
PCR. In addition to the intrinsic Ds–Px pairing selectivity,
the sequences around the unnatural bases could be
optimized for high eﬃciency and selectivity of PCR
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sequences of the unnatural base pair aﬀect both the eﬃ-
ciency and selectivity of PCR ampliﬁcation, and the eﬃ-
cient sequences were identiﬁed. Interestingly, not only
the base positions adjacent to the unnatural base but
also the second and third base positions inﬂuenced the
ampliﬁcation eﬃciency. This might be caused by the ﬁtting
of each sequence with the polymerases during PCR elon-
gation, including the proof-reading by the exonuclease
activity of the polymerases (28,29). By using the sequence
information, researchers can now construct eﬃcient
sequences involving the unnatural base pair for
Figure 4. PCR ampliﬁcation of DNA fragments containing two Ds bases (60-, 62-, 65- or 68-mer). (a) Scheme for the PCR ampliﬁcation in the
presence of FAM-hx-dPxTP or NH2-hx-dPxTP with DeepVent DNA Pol. The ampliﬁed DNA fragments containing FAM-hx-Px were detected by
denaturing PAGE. (b) Polyacrylamide-gel analysis of the PCR products ampliﬁed by 15 cycles of PCR with the
32P-labeled 50-primer, in the presence
of FAM-hx-dPxTP and dDsTP. The ﬂuorescence of the FAM-labeled full-length products on the gel was detected with an FLA-7000 bio-imager,
and the radioactivity of the full-length products on the same gel was analyzed by autoradiography. (c) Polyacrylamide-gel analysis of the PCR
products ampliﬁed by 15 cycles of PCR with the
32P-labeled 50-primer, in the presence of NH2-hx-dPxTP and dDsTP. (d) Sequencing of the 15-cycle
ampliﬁed DNA fragments, in the presence of dPa0TP (50mM). The PCR products ampliﬁed in the presence of NH2-hx-dPxTP and dDsTP were used
for sequencing of the Ds-strands. The arrows indicate the unnatural base position.
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the sequence dependency is inﬂuenced by the structures of
the unnatural base moieties of Ds and Px, rather than by
those of the functional groups, such as FAM and amino,
attached to Px. Thus, a wide variety of functional groups
that are linked to Px could be utilized with this system.
The Ds–Px system will provide useful tools for a wide
range of DNA/RNA-based technologies, such as sensiti-
zation for immuno-PCR assays (30,31), DNA steganogra-
phy (32), DNA arrays and multiplexes (7), DNA-based
nanomaterials and in vitro selection and evolution meth-
ods (26,27). For immuno-PCR assays and DNA stegano-
graphy, the site-speciﬁc incorporation of FAM-hx-Px into
ampliﬁed DNA can signiﬁcantly reduce the background
signals caused by contamination with foreign DNAs, by
isolating the target FAM-containing DNA with anti-ﬂuor-
escein IgG beads, as we demonstrated here. In addition,
the unnatural bases increase the information capacity of
Figure 5. Detection of a target DNA molecule within foreign DNA
fragments with the same primer sequences. (a) Overview of the puriﬁ-
cation of the DNA fragments containing Ds. After 15 cycles of PCR
ampliﬁcation of four diﬀerent DNA fragments (55-mer, 0.15 nM each;
one fragment contains one Ds base and the others contain no Ds bases)
in the presence of FAM-hx-dPxTP and dDsTP, the ampliﬁed products
were sequenced both directly and after puriﬁcation using an anti-ﬂuor-
escein antibody bound to magnetic beads. (b) Direct sequencing of the
15-cycle ampliﬁed DNA mixture, after removal of primers and dNTPs
by gel puriﬁcation, in the presence of dPa’TP (2mM). (c) Sequencing
of the DNA mixtures after puriﬁcation of the FAM-labeled PCR
products, in the presence of dPa’TP (2mM).
Figure 6. Detection of a target DNA molecule within foreign DNA
fragments with random sequences. Overview of the detection of the
target DNA (DNA S2, 55-mer) containing Ds.ADs-containing
DNA fragment (DNA S2, 55-mer, 6fM) and foreign DNA fragments
with random sequences (100-mer, 60nM) were ampliﬁed by 30 cycles of
PCR in the presence of FAM-hx-dPxTP and dDsTP. After the ampli-
ﬁcation, the FAM-labeled PCR products were isolated by the magnetic
bead-bound anti-ﬂuorescein antibody, and then were sequenced in the
presence of dPa’TP (2mM). Prior to the antibody isolation, the ampli-
ﬁed DNA fragments corresponding to the 55-mer were puriﬁed by gel
electrophoresis and were also sequenced.
e14 Nucleic Acids Research,2009, Vol. 37,No. 2 PAGE8 OF 9the target DNA. Although there are some biases in the
DNA sequences around the Ds–Px pair for pursuing high
ampliﬁcation eﬃciency, other sequences are also permissi-
ble for PCR involving the Ds–Px pair. Furthermore, the
Ds–Px pair can be applied to RNA-based technologies by
combining it with other unnatural base pairs, such as the
Ds–Pa pair, which exhibit high eﬃciency and selectivity
for the site-speciﬁc incorporation of functional groups
into RNA by transcription (12).
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